1: Introduction
In order to be viable as a candidate for fusion energy generation, tokamaks must operate without disruptions [1] . These events, which involve the rapid loss of the plasma stored energy followed by a fast quench of the plasma current, can cause severe damage to the tokomak in-vessel components, potentially necessitating costly repairs in future devices. There are many causes of disruptions, including plasma instabilities that occur when the plasma pressure becomes too large.
The plasma pressure is typically quoted as normalized to the toroidal magnetic field strength at the average midplane radius of the plasma; this is the toroidal β defined
, where <P> is the volume-averaged total pressure. It has been found, however, that the toroidal β itself is not a good indicator of proximity to instability; rather, the maximum stable toroidal β scales with I P /aB T , where I P is the plasma current in MA and a is the minor radius in meters (see [2] and references therein). Hence, we can define a quantity known as the normalized β, given by β N =100aB T β T /I P . It is this quantity that we wish to regulate, in order to both operate safely near stability boundaries, and to enable controlled experiments where other parameters are varied as β N is held fixed. This paper describes the implementation of a β N controller for the National Spherical Torus Experiment (NSTX) [3] .
The utility of β N (or stored energy) control has been demonstrated by the implementation of similar systems on other tokamaks. Initial work in this regard was done at DIII-D [4] , TFTR [5] , and JET [6] . The DIII-D and TFTR cases used the plasma diamagnetism, either directly [4] , or after further processing [5] , as the measurement for FST10−171, β N Control in NSTX (Gerhardt, et al.)
4 feedback. More recent work in this area has been done at JT-60, where a "functional parameterization" method was to calculate the stored energy in realtime [7] from diamagnetic flux and poloidal field measurements; a related study in that device [8] used feedback on the neutron emission rate to adjust the neutral beam injection power, in order to simulate the effect of fusion power heating the plasma. Recent DIII-D studies [9] have extended these studies to simultaneous control of β N and plasma rotation, using the capability provided by having both counter and co-injecting neutral beams. Control of the plasma current profile with neutral beam injection (and other actuators) has also been demonstrated [10, 11] .
The remainder of this paper is organized as follows. Section 2 describes the hardware and software implementation of the controller, while section 3 describes the system identification method we have used for determining the appropriate proportional and integral gains. Section 4 presents some example uses of the system, with a short discussion following in section 5.
2: Controller Implementation

The NSTX device and control system.
The β N control system in NSTX has been implemented as part of the NSTX installation [12, 13] of the General Atomics plasma control system (PCS) [14, 15] , which has overall responsibility for plasma control. This includes control of the plasma current, poloidal and toroidal field coil currents, plasma boundary shape [16] and vertical position, gas fuelling, and 3-D fields & resistive wall modes [17] [18] [19] [20] .
The geometry of the NSTX neutral beam injection system [21] is shown in Fig.1 .
The neutral beam injection system on NSTX was inherited from the Tokamak Fusion Test Reactor (TFTR), which used four beamlines injecting up to 33MW of power [22] .
NSTX has a single neutral beam line, equipped with three sources, injecting parallel to the plasma current. The sources are arranged in a horizontal fan with ~4 degrees spread between the individual beams. The tangency radii of the beams are approximately 70, 60, and 50 cm for sources A, B, and C respectively (the typical radius of the magnetic axis is 95-105 cm). The sources are typically operated with source voltages between 60 and 95 kV, with 40 kV operation available on request; 110 kV capability has been retained from the TFTR systems, but is not used. Note also that source A must be on, with a voltage of 90 kV, in order to collect data from the motional Stark effect (MSE) diagnostic [23] .
The PID Controller
The formulation of the PID controller is as follows. The error is calculated as
where 
This filter helps to smooth out transients in the rtEFIT β N , though at the expense of adding a delay to the system. The value of τ LPF is determined by a time-dependent PCS input waveform, and is typically set to 10-20 msec.
A PID operator is then used to calculate an injected power request as:
Here, we used
to related the injected power and normalized 4, provides the ability to program fine power ramps without manually specifying the individual times for the beam modulations.
Algorithm constraints provided by the NSTX neutral beam hardware.
The neutral beam hardware itself [21, 22] Another set of constraints comes from the fact that the arc and filament power supplies for the sources are unregulated, so that one source coming on can pull down the voltages for the other sources. Hence, the sources are tuned for a given order of turn-on, typically source A first, followed by sources B and C. Deliberate or inadvertent deviations from this order can reduce the reliability of the source operations for a given shot. Furthermore, these variations can cause the high-voltage switch tube to oscillate, broadcasting RF noise into nearby control electronics.
Finally, as presently configured, the β N controller can only "block" a source, i.e.
turn it off. The block can then be removed, allowing the source to turn back on. The initial turn-on of any given source is programmed by the neutral beams operators. There is also an interlock on the system that turns the entire beam system off (with a 50 msec.
delay) if the plasma current falls beneath 200 kA.
The Modulation Scheme
Although the injected power request generated by the PID operator is continuously variable, the neutral beams are not: they can only be on or off. The task of the modulation calculator is to make this translation, while taking into account the constraints from the beam injection hardware. This code is described below.
The controller has a 3x3 array specifying the modulation order of the sources; this array can be modified by the physics operator using a standard PCS interface. For is switched with the less used source. The source that has exceeded its allowed number of modulations goes to a default on or off state determined by the physics operator before the discharge is initiated.
Once the duty cycles for the individual sources have been determined from the above steps, the controller decides whether or not to modulate each source. If the duty cycle for a given source is 100% (f DC =1) and the source is already on, it is left on; if that source is off and the time since it was last turned off is greater than € δt off , then it is turned on, otherwise it is left off. If the duty cycle is 0% (f DC =0) and the source is already off, it is left off; if that source is on and the time since it was last turned on is greater than € δt on , then it is turned off, otherwise it is left on.
The situation is slightly more complicated for cases with intermediate values of the duty cycle
A quantity Δ is computed as:
If the source is on and time since it was last turned on is greater than € f DC Δ , then the source is turned off. If the source is off and the time since it was turned off is greater than
, then the source is turned on.
3: Determination of PID Gains
A necessary step in the implementation of the controller was to determine the PID gain parameters. We do this by approximating the system with a first-order plus dead time (FOPDT) model [26] , noting that the degradation of confinement with power is an effect that falls outside the model. The system identification and controller tuning is then done with the Ziegler-Nichols (or process-reaction) method [26] , a commonly used openloop tuning method for FOPDT systems that was previously used for tuning strike-point position controllers in NSTX [27] .
In this method, a step is placed in the neutral beam power P inj (t), and the details Once these values are determined, the PID parameters can be determined from Table 1 . Here, we use
, and the PID operator is defined in eqn. 3.
The step response of the FOPDT system is given by an exponential function, written for the purposes of this study as: We note that although € τ dead includes the effect of various system delays and € τ β N is related to the total energy confinement time, these identifications are not strictly correct.
Rather, the purpose of the fitting step in eqn. 6 is to identify the characteristics of the first order system nearest to the actual dynamics, in order to design the controller. 
4: Example Use of the Algorithm.
A detailed example of the algorithm performance for a single discharge is shown in Fig. 3 . The discharge in this case is a high-elongation (κ=2.5) high-triangularity discharge of the type described in Ref. [30] , with I P =800 kA. All neutral beams are Frame b) also shows the value of β N calculated by the more accurate offline EFIT [31, 32] . The offline calculation is systematically higher than the realtime calculation. The constraint set for the offline calculation is more comprehensive: the two reconstructions are constrained by similar poloidal field and flux measurement, but the offline calculation is further constrained by a measurement of the diamagnetic flux and a rough estimate of the pressure profile. Also, unlike the realtime solution, the offline EFIT is a fully converged solution of the Grad-Shafranov equation. For these reasons, the offline calculation is a better measure of the true value of β N . However, when considering a requested β N evolution, it is necessary to request values consistent with the realtime calculation. We note also that the 15 msec time constant for the filter in eqn. 1 produces a small time delay in the rtEFIT calculation compared to that from offline EFIT.
An example application of the algorithm is shown in Fig. 4 . This experiment was an attempt to study the onset of n=1 locked modes as a function of toroidal field and plasma current at constant β N [33] ; a large n=1 field was applied after t=0.4 seconds, resulting in the eventual development of a locked mode and disruption of the plasma.
The plasma current waveform is shown in frame a), with a range from 700 kA to 1100 kA in the study; the toroidal field was also changed from 0.34 T to 0.54 T, in order to maintain a constant safety factor. The value of β N was requested to be 3.2 in all cases.
The β N controller was turned on at t=180 msec. The beams were pre-programmed to be the same before that time, and, as described above, that level of pre-programmed power was left in the P inj request in eqn. 3 for the remainder of the discharge.
The evolution of β N is quite different before the controller was turned on, as expected from the change in toroidal field. Once the controller is turned on, beam modulations are used to control the β N value to the same level. Note that the low current discharge continues to have a value of β N somewhat higher than the others. This is because the algorithm was not allowing source A to modulate, so as not to loose the MSE diagnostic data. We also note that the beam powers for sources B and C were reduced to experiments with β N nearer to ideal stability limits is described in Refs. [30] and [34] .
As noted above, the present software also allows the injected power to be directly specified as an input waveform, with the algorithm then modulating the neutral beams to match the power request. An example of this is shown in Fig. 5 . The plasma current is shown in frame a), while the requested and injected power are shown in frame b). There is a slow ramp in the request, which the modulation algorithm translates into properly spaced beam modulations. This programming of such modulations would be quite tedious by hand, but is made trivial by the present control software.
5: Discussion
The β N control system has proven quite useful in NSTX. There are, however, some possible improvements that would further improve performance. These include:
• Addition of a causal median filter on the β N values from rtEFIT. This would help prevent spurious realtime reconstructions, and the associated large error in eqn. 1, from setting off transients in the requested power.
• A realtime estimation of the confinement time τ E in eqn. 4, based on the input power, stored energy, and stored energy rate of change. This would allow the proportional and integral gain parameters to be more effectively constant over a range of plasma parameters.
• Improving the realtime calculation of β N , either through improvements to the actual Grad-Shafranov calculation (more appropriate basis functions for ff' and p', for instance), or adding additional data constraints. Improvement here would likely also help with other controllers that use the rtEFIT output, such as the ISOFLUX shape controller [16] .
A more fundamental limit on the algorithm comes from the observation that the disruptive β N limit is not constant. For instance, the achievable stable β N is known to be a strong function of parameters such as the pressure peaking factor and internal inductance [2, [35] [36] [37] [38] [39] and plasma shape [2, 38, 40, 41] . Furthermore, in the presence of an imperfectly conducting wall, the plasma will be unstable to a resistive wall mode [42, 43] , a pressure or current driven kink instability growing on the L/R time of the conducting wall. Hence, the operator of the algorithm must know exactly what β N to request for a given plasma configuration. This problem could be eliminated by doing feedback on some variable even more sensitive to the plasma proximity to instability than β N . Such a method was proposed in Ref. [44] , where the plasma amplification of an applied n=1 field was suggested as a sensitive measure of the stability of the plasma. The present β N control system is a first step toward implementing an advanced MHD controller of this sort. It also provides the groundwork for current profile control in NSTX-Upgrade [45] . Table 1 : Determination of the optimal PID parameters from the Ziegler-Nichols method. Figure #5
